INTRODUCTION
Necrotizing enterocolitis (NEC) is the most common and lethal gastrointestinal emergency in preterm infants, 1 and despite extensive research investigating the underpinnings of this disease, the molecular mechanisms involved remain incompletely understood. NEC is characterized by the acute onset of patchy intestinal necrosis and systemic sepsis, and is seen most commonly in premature infants, of whom B12% will develop this devastating disease. 1, 2 Studies from several labs including our own have shown that the development of NEC reflects the interaction between the bacteria that inhabit the intestinal tract of the premature infant and the underlying intestinal mucosa, leading to a marked pro-inflammatory response that requires activation of the lipopolysaccharide receptor Toll-like receptor 4 (TLR4) on the intestinal epithelium. [3] [4] [5] Activation of TLR4 leads to increased enterocyte apoptosis and reduced mucosal healing, 6, 7 and also contributes to the impaired intestinal perfusion that leads to intestinal necrosis that is a cardinal feature of NEC. 8 The importance of intestinal TLR4 in the pathogenesis of NEC is revealed by studies in which mice deficient in TLR4 in the intestinal epithelium are protected from NEC development, 4 as are wild-type mice that have received a novel TLR4 inhibitor. 9 It has been long recognized that breast milk is an effective protective agent against NEC, although the components in breast milk that mediate this protection and the signaling pathways involved remain incompletely understood. Epidermal growth factor (EGF) is abundant in breast milk and amniotic fluid and is critical for intestinal development. [14] [15] [16] [17] [18] Our laboratory has shown that amniotic fluid inhibits TLR4 signaling in the neonatal intestinal epithelium via the epidermal growth factor receptor (EGFR). 19 In view of these findings and the growing literature on the causative role for intestinal TLR4 in the pathogenesis of NEC from our lab 3, 4, [19] [20] [21] and others, 5, 22, 23 we now hypothesize that breast milk prevents NEC via inhibition of TLR4 signaling, and sought to define the mechanisms involved. In support of this hypothesis, we now show that breast milk prevents the exaggerated TLR4 signaling that is required for NEC via effects on the EGFR.
RESULTS

Breast milk inhibits TLR4 signaling in enterocytes via activation of the EGFR
We first sought to determine whether breast milk could inhibit TLR4 signaling in enterocytes in vitro. To do so, we treated IEC-6 enterocytes, which we and others have previously shown to express both TLR4 (see refs. 3,19,24-26) and EGFR, 19 with lipopolysaccharide (LPS), and the degree of TLR4 signaling was measured by assessing the extent of translocation of the p65 subunit of nuclear factor (NF)-kB from the cytoplasm to the nucleus and the expression of the pro-inflammatory cytokine interleukin-6 (IL-6). Consistent with our previous observations, 19 LPS induced TLR4 signaling in IEC-6 cells, as shown in Figure 1 . Pretreatment of cells with breast milk significantly reduced the extent of LPS-induced TLR4-mediated nuclear translocation of NF-kB ( Figure 1aii , iii, ei), IL-6 induction ( Figure 1eii) , and TLR4 expression ( Figure 1eiii ). The protective effects of breast milk on TLR4 signaling could be reversed after preheating the milk to 95 1C, suggesting that a heat-sensitive factor, likely a protein, was involved in the downregulatory effect of breast milk on TLR4 (Figure 1avi , ei). Given our previous studies that indicated that EGFR activation by components of amniotic fluid could inhibit TLR4 signaling, 19 we explored whether EGFR was required for the breast milk-mediated inhibition of TLR4. In support of this possibility, breast milk did not prevent LPS-mediated TLR4 signaling in IEC-6 cells that had undergone lentiviral-mediated knockdown of EGFR (Figure 1bii , iii, d, fi, ii). Furthermore, immunodepletion of EGF from breast milk reversed the inhibitory effects of breast milk on TLR4 signaling (Figure 1aiv vs. iii, ei), whereas replenishment of EGF-depleted breast milk with EGF restored its ability to inhibit TLR4 signaling in wildtype enterocytes (Figure 1av vs. iv, ei), but not in EGFRdeficient enterocytes (Figure 1biii-v, fi) . Taken together, these findings indicate that breast milk inhibits TLR4 signaling via activation of the EGF receptor by EGF.
Breast milk attenuates TLR4 signaling in vivo via EGFR
We next sought to determine whether breast milk could also inhibit TLR4 signaling in vivo, and thus potentially explain its protective effects in NEC. To determine the degree that breast milk inhibits LPS-mediated TLR4 signaling, we administered breast milk by oral gavage to transgenic neonatal mice that express NF-kB on the luciferase promoter. At 1 h after oral gavage with either saline (Figure 2ai , v) or breast milk (Figure 2aiii, v) , the NF-kB-luciferase-expressing mice were injected with LPS in order to induce TLR4 activation. After luciferin injection, whole-animal imaging was performed to assess NF-kB activity as determined by the extent of luciferase activity. 9 As shown in Figure 2 , injection of mice with LPS caused a significant increase in whole-animal luciferase activity, whereas animals that were orally administered breast milk 1 h before LPS injection demonstrated significantly decreased luciferase (i.e., NF-kB) activity along with decreased expression of the pro-inflammatory cytokine IL-6 and TLR4 within the intestine (Figure 2aii , iii, v, bi, ii). In order to evaluate whether EGFR activation was required for the inhibition of TLR4 signaling in the intestine in vivo, we performed experiments in the presence of the selective EGFR inhibitor cetuximab. As shown in Figure 2aiv , pretreatment with cetuximab prevented the protection of breast milk on TLR4 signaling, as shown by a lack of inhibitory effect of breast milk on NF-kB luciferase activity (Figure 2aiv vs. iii, v, bi, ii). Taken together, these findings support the conclusion that breast milk inhibits TLR4 in vivo via EGFR activation.
Breast milk reversed TLR4-mediated induction of apoptosis in the intestinal epithelium in an EGFR-dependent manner
We and others have shown that TLR4 activation induces intestinal epithelial injury in NEC in part through induction of enterocyte apoptosis. 6, 7, [19] [20] [21] 27, 28 Having shown that breast milk inhibits TLR4 signaling in vivo, we next sought to evaluate the effects of breast milk on TLR4-induced inhibition of proliferation and induction of apoptosis, and whether EGFR signaling could be involved. As shown in Figure 3 , injection of LPS into newborn pups caused a marked increase in apoptosis of enterocytes as revealed by increased TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)-positive cells in the intestinal epithelium (Figure 3ai , ii, arrows, di) as well as increased 3-nitrotyrosine staining that is a marker of gut inflammation seen in NEC, 29, 30 known to be TLR4 dependent 31 and is a by-product of nitric oxide signaling derived from peroxynitrite 29 , which were reversed by gavage pretreatment with breast milk (Figure 3aii , iii, di). Three lines of evidence suggest that EGFR activation by EGF is responsible for the protective effects of breast milk on enterocyte apoptosis and proliferation. First, pretreatment of mice with the EGFR inhibitor cetuximab reversed the protective effects of breast milk on TLR4-mediated inhibition of proliferation and induction of apoptosis (Figure 3aiv vs. iii, di). Second, immunodepletion of EGF from breast milk reversed the protective effects of breast milk on apoptosis (Figure 3av vs. iii, di), whereas reconstitution of breast milk with EGF restored the protective properties of breast milk (Figure 3avi vs. v, di) . Third, mice lacking EGFR in the intestinal epithelium (EGFR DIEC mice) were found to demonstrate susceptibility to LPS-induced apoptosis that was not protected by the presence of breast milk (Figure 3bi-iv, dii) . It is also noteworthy that TLR4 DIEC-OVER mice, in which TLR4 was overexpressed in the intestinal epithelium on a global TLR4 KO background, demonstrated increased enterocyte apoptosis that was not protected by breast milk (Figure 3ci -iv, diii), indicating that TLR4 signaling when maintained at high levels overcomes the protective effects of breast milk. Taken together, these findings illustrate that LPS-mediated TLR4 signaling in the intestinal mucosa is attenuated by breast milk through activation of EGFR. We next sought to determine the mechanisms involved.
Breast milk restores enterocyte proliferation via EGF and the EGFR Previously, we have shown that TLR4 activation inhibits enterocyte proliferation in experimental models of endotoxemia and NEC. 6, 7, [19] [20] [21] 27 As shown in Figure 4 , in wild-type mice LPS inhibited enterocyte proliferation as revealed by a reduction in proliferating cell nuclear antigen staining that was reversed by pretreatment with breast milk (Figure 4ai-iii, ci) . Pretreatment of mice with the EGFR inhibitor cetuximab (Figure 4aiv ) or immunodepletion of EGF from breast milk (Figure 4av ) reversed the protective effects of breast milk on enterocyte proliferation, and this was restored in the presence of EGF-supplemented breast milk (Figures 4avi, ci). As shown in Figure 4 , EGFR DIEC mice were also found to demonstrate a LPS-mediated inhibition of proliferation that was not restored in the presence of breast milk treatment (Figure 4bi -iii, cii). These findings provide additional support for the role of EGF and EGFR in the protection against TLR4-mediated signaling by breast milk in the neonatal gut.
Breast milk attenuates TLR4-mediated NF-jB activation by inhibiting GSK3b in vitro
The glycogen synthase kinase-3b (GSK3b)/b-catenin signaling pathway plays a key role in determining the extent of enterocyte proliferation that occurs in response to EGFR ligands and is situated canonically downstream of both EGFR and TLR4. [32] [33] [34] [35] To assess the potential mechanisms by which EGFR activation by breast milk inhibits TLR4 in the intestinal epithelium, we next explored whether impaired GSK3b signaling may be involved. As shown in Figure 5 , in wild-type IEC-6 cells, pretreatment with either EGF or breast milk before LPS administration significantly increased the degree of phosphorylation of GSK3b at serine 9 as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Figure 5ai , ii) and confocal microscopy ( Figure 5b ). Given that phosphorylation of GSK3b is associated with its inactivation, [34] [35] [36] these findings suggest that GSK3b inhibition may underlie the effects of breast milk on TLR4. To evaluate this possibility directly, we inhibited or inactivated GSK3b in enterocytes and assessed whether breast milk was still capable of exerting its negative effects on TLR4 signaling. To do so, we first treated cells with the GSK3b inhibitor lithium chloride that blocks GSK3b signaling via phosphorylation of serine 9, 37, 38 and by phosphorylating the N-terminal serine residues of GSK3b. 39, 40 As shown in Figure 5ai , ii, pretreatment with lithium chloride increased the phosphorylation of GSK3b and also decreased the expression of TLR4-mediated IL-1b ( Figure 5aiii ) and IL-6 ( Figure 5aiv ) in IEC-6 cells. In parallel, we knocked down GSK3b via lentiviral transduction of GSK3b short hairpin RNA ( Figure 5civ ). As shown in Figure 5c , treatment of GSK3b-kd cells with LPS significantly increased NF-kB translocation and the proinflammatory cytokine IL-6 ( Figure 5Ci , ii, v, vi), similar to the situation in wild-type cells (Figure 1ai , ii, ei, ii) that was not reversed by breast milk (Figure 5ciii , v, vi). Taken together, these findings strongly imply that breast milk inhibits TLR4 activation in enterocytes through the effects of GSK3b signaling.
Breast milk inhibits TLR4-mediated apoptosis and proliferation in enterocytes via EGFR and GSK3b. Figures 6 and 7 is evidence that breast milk reversed the effects of TLR4 on apoptosis and proliferation via EGFR activation by EGF in a GSK3b-dependent manner. In wild-type cells, breast milk protected against TLR4-mediated enterocyte apoptosis (Figure 6aiii vs. ii, di) and increased enterocyte proliferation (Figure 7aiii vs. ii, di), whereas immunodepletion of EGF from breast milk blocked the protective effects on TLR4 signaling (Figures 6aiv vs. iii, di and 7aiv vs. iii, di) that was restored by replacement with exogenous EGF (Figure 6av vs. iv, di and 7av vs. iv, di). In parallel, breast milk treatment of IEC-6 cells in which EGFR had been knocked down were not protected from TLR4-mediated apoptosis (Figure 6bi-v, dii) or proliferation (Figure 7bi-v, dii) . Similarly, treatment with breast milk in GSK3b-deficient cells did not protect against apoptosis (Figure 6ci -iii, diii) or proliferation (Figure 7ci-iii, diii) . Taken together, these findings suggest that breast milk reverses the effects of TLR4 on enterocyte apoptosis and proliferation via EGFR and its inhibition of GSK3b.
Shown in
Breast milk attenuates NEC severity via EGFR activation
In the next series of studies, we sought to investigate whether breast milk could protect against the development of NEC through EGFR activation. As shown in Figures 8 and 9 , experimental NEC was induced in newborn pups using an established model that involves a combination of formula DIEC-OVER mice (ci-iv) stained for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL; green, arrows), 3-nitrotyrosine (3NT, red), and 4',6-diamidino-2-phenylindole (DAPI; blue) as indicated after treatments with saline (Control (Ctrl), ai, bi, ci), lipopolysaccharide (LPS; 5 mg kg gavage and hypoxia treatment. 4, 19, 41, 42 The administration of breast milk significantly attenuated experimental NEC, as manifest by a reduction in NEC severity (Figure 8ai , ii, cii), the pro-inflammatory gene expression inducible nitric oxide synthase (Figure 8ci) , as well as a reduction in enterocyte apoptosis and 3-nitrotyrosine (Figure 9ai-iii, ei) , and enhanced proliferation (Figure 9bi-iii, fi) . Importantly, mice lacking intestinal EGFR were found to exhibit increased NEC severity compared with wild-type mice that was not reduced by the administration of breast milk (Figure 8bi -iii, di, ii). Breast milk did not protect against NEC-mediated enterocyte apoptosis (Figure 9ci -iii, eii) nor enhance enterocyte proliferation (Figure 9di-iii, fii) in EGFR DIEC mice, indicating that breast milk activation of EGFR is required for these protective effects. In addition, pretreatment of animals with cetuximab in conjunction with breast milk blocked the protective effects of breast milk on NEC severity (Figure 8aiv vs. iii, ci, ii), enterocyte apoptosis (Figure 9aiv vs. iii, ei), and proliferation (Figure 9biv vs. iii, fi) . Wild-type animals that were treated with the EGF-depleted milk had loss of the protective effects of breast milk on NEC severity (Figure 8av, cii) , concomitant with expression of inducible nitric oxide synthase (Figure 8ci) , enterocyte apoptosis (Figure 9av, ei) , and reduced proliferation (Figure 9bv, fi) , all of which were restored when recombinant EGF was supplemented (Figures 8avi, ci, cii and 9avi , bvi, ei, fi). Taken together, these findings indicate that breast milk protects against experimental NEC in part through inhibition of TLR4 and that this protective effect requires EGF/EGFR signaling. 
DISCUSSION
In this study, we demonstrate a mechanism by which breast milk inhibits the LPS-mediated activation of TLR4 and the ensuing inflammatory cascade leading to protection against NEC. We show that breast milk inhibits TLR4-mediated inflammatory signaling in vitro and that these effects are dependent on EGFR signaling via the downstream target GSK3b. Furthermore, we discovered that breast milk attenuates experimental NEC via inhibition of TLR4 signaling through EGF, as treatment with EGF-deficient breast milk abrogated the protective effects that were restored with exogenous EGF added back to the formula, thus confirming the role of EGF on the prevention of NEC. Further support of the mechanism that EGF and its receptor EGFR are critical components mediating the protection against NEC is demonstrated by the current observation that mice in which EGFR had been deleted specifically from the intestinal epithelium were not protected from experimental NEC when breast milk was added to their formula. Taken together, these findings present a new paradigm to explain the protective effects of breast milk on TLR4 signaling via effects on a growth factor receptor.
Inhibition of TLR4 activation within the intestinal epithelium has been shown to enhance enterocyte proliferation 7, 19 and to inhibit enterocyte apoptosis in the small intestine of the premature host. 21, 27 We have previously shown an important link between TLR4 and the GSK3b/b-catenin signaling pathway in NEC pathogenesis. 7 TLR4 activation was found to increase GSK3b expression, resulting in enhanced phosphorylation of b-catenin and its targeted degradation, culminating in reduced enterocyte proliferation. 7 We now demonstrate that in the pathogenesis of NEC, breast milk and EGF have protective roles on the intestinal mucosa via inhibition of enterocyte apoptosis and enhanced intestinal mucosal healing, providing a potential link to our prior findings. Specifically, the GSK3b/b-catenin signaling pathway plays a critical role in determining the extent of enterocyte proliferation that occurs in response to EGFR activation. 32 Furthermore, growth factor receptor/ligand interaction initiates a signaling cascade that affects GSK3b that modulates TLR4-mediated NF-kB activity to transition between the generation of pro-and anti-inflammatory signals. [43] [44] [45] Inactivation of GSK3b by phosphorylation at serine 9 negatively affects NF-kB activation, [43] [44] [45] thus decreasing NF-kB-dependent pro-inflammatory cytokine production. 44 Moreover, inactivation of GSK3b also leads to the stabilization of b-catenin, a critical factor responsible for growth and proliferation. 32, 46 Moreover, although peroxisome proliferator-activated receptor-g has been linked to EGFR receptor signaling, we have previously demonstrated that deletion of peroxisome proliferator-activated receptor-g in intestinal epithelial cells had no effect on EGFR expression, raising the possibility that other effector mechanisms are involved. 19 By extension, given that breast milk is rich in EGF, it is possible that the EGF in breast milk could play similar roles via GSK3b/ b-catenin signaling and inactivation of GSK3b, 19 although it appears now that effects of EGFR activation on TLR4 expression predominate.
Our data are consistent with previous studies that have demonstrated an important role for EGF in reducing the incidence of NEC development. 16, 17 In addition, a recent study has shown that a low concentration of epidermal growth factor in the cord blood of extremely premature infants is associated with the development of NEC. 47 We now extend these findings by providing a novel mechanistic link associated with breast milk-mediated protection in NEC via EGF. Other compounds are known to be present in breast milk and may also be important in the regulation of NEC pathogenesis. These include human milk oligosaccharides that are nondigestible carbohydrates thought to influence the gastrointestinal microbiome 48 and possibly protect against NEC. 49 Besner and colleagues 50, 51 have evaluated the effects of heparin-binding epidermal growth factor-like growth factor on experimental NEC and have shown that it is protective by accelerating enterocyte migration and proliferation, along with increasing the microvascular blood flow of the intestine. These studies demonstrate the clinical importance of identifying the components of breast milk that are protective against NEC, so as to provide potential therapeutic targets for this devastating disease. We readily acknowledge that although we provide here a mechanism by which breast milk attenuates experimental NEC, there may be other signaling pathways involved in the protection against NEC, such as autophagy, the mammalian target of rapamycin pathway, or inhibition of endoplasmic reticulum stress. Further studies will be required to explore the potential roles-if any-of these varying signaling pathways in mediating the observed protection of breast milk in infants with NEC.
In summary, we have now described a mechanistic pathway to explain how breast milk mediates protection against the development of NEC in mice. Further studies into how breast milk offers such profound protection against the development of this disease-with a focus on the anti-inflammatory properties of breast milk-may open doors toward novel approaches for the rational design of new therapies of this devastating condition. Afrazi et al. 21 Appropriate secondary antibodies for immunohistochemistry and SDS-PAGE were obtained from Molecular Probes (Grand Island, NY) and Jackson ImmunoResearch Laboratories (West Grove, PA). Cetuximab (dose: 100 mg per day intraperitoneally for 3 days before experiments) was a generous gift of Dr. Jennifer Grandis (University of Pittsburgh, Pittsburgh, PA). Human recombinant EGF was from EMD Millipore (Billerica, MA) (400 ng ml À 1 media in vitro, 0.5 ng per ml of NEC formula in vivo). Lithium chloride was from J.T. Baker (Avantor, Center Valley, PA) (100 mM). LPS (Escherichia coli 0111:B4 purified by gel-filtration chromatography, 499% pure) was obtained from Sigma-Aldrich (St. Louis, MO) and concentrations used were those that we have demonstrated to be present in mice and humans with NEC (50 mg ml À 1 for cells, 5 mg kg À 1 for all mice 3 with the exception of the TLR4 DIEC-OVER mice who are sensitive to LPS and required a decreased dosage (2.5 mg kg À 1 )).
Cell culture and lentiviral knockdown. The small intestinal cell line, IEC-6, was obtained from the American Type Culture Collection (Manassas, VA), maintained as in Quaroni et al., 52 and rendered deficient in EGFR or GSK3b using lentiviral particles containing EGFR or GSK3b short hairpin RNA (Open Biosystems, Lafayette, CO) from the four-plasmid lentiviral packaging system (Invitrogen, Grand Island, NY) with permissive HEK 293 cells. In parallel, IEC-6 cells were treated with lentiviruses expressing scrambled short hairpin RNA. Stable integration of lentivirus was obtained by selection of cells in medium containing puromycin (5 mg ml À 1 ), and the extent of knockdown of EGFR or GSK3b was verified by real-time PCR or SDS-PAGE as in Good et al. 19 Serum and/or insulin starvation of the cells for 6 h was performed where indicated in the figure legends.
Quantitative real-time PCR. Quantitative real-time PCR with the BioRad CFX96 Real-Time System (Bio-Rad, Hercules, CA) was performed as in Afrazi et al. 21 with the following primers using either RPLO or GAPDH as a housekeeping gene as shown in Table 1 .
Statement of ethics. The animal experiments described in these studies were approved by the University of Pittsburgh Animal Care and Use Committee (Protocol Number: 12040382) and were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Collection of mouse breast milk. We obtained breast milk from isoflurane-anesthesized lactating mice on postpartum days 8-12 as in Yazji et al. 8 that had been injected with oxytocin (0.15 IU subcutaneous per kg of body weight for 3 min before milk being collected via an electronic breast pump (Lansinoh Laboratories, Alexandria, VA). We typically obtain B1 ml per mouse that was immediately aliquoted and stored at À 80 1C and frozen just once before use.
Induction of experimental murine endotoxemia and whole-animal NF-kB signaling. Wild-type mice were obtained from either Jackson Laboratory (Bar Harbor, ME) or Charles River Laboratories (Wilmington, MA). After being placed nil per os for 6 h, endotoxemia was induced in 10-day-old mice with intraperitoneal injection of LPS (5 mg kg À 1 , 6-16 h). In parallel, mice were administered saline as vehicle control. Where indicated, mice were gavaged expressed murine breast milk or saline as a control (50 ml per g of mouse body weight) as a pretreatment 1 h before LPS injection. Mice lacking EGFR specifically in the intestinal epithelium were generated by breeding Egfr loxP/loxP (obtained from David W. Threadgill, University of North Carolina, Chapel Hill, NC) with transgenic mice expressing Villin-cre (termed EGFR DIEC mice). Mice were generated to selectively express TLR4 within in the intestinal epithelium (TLR4 DIEC-OVER ) as in Afrazi et al.
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Experiments with the NF-kB-luciferase reporter mice in which NF-kB is upstream of the luciferase gene (strain NF-kB-RE-luc, Taconic Farms, Hudson, NY) were performed as in Neal et al. 9 and imaged using the IVIS Lumina 3D Optimal in vivo imaging system (Waltham, MA) 10 min after an intraperitoneal injection of luciferin (150 mg kg À 1 , Caliper Life Sciences, Hopkinton, MA). Samples of the terminal ileum were obtained 1 cm proximal to the ileocecal valve and prepared as described in Leaphart et al.
3
Induction of experimental murine necrotizing enterocolitis.
Experimental NEC was induced in 5-10-day old mice as described previously. 19, 21, 42 Briefly, NEC formula (Similac Advance infant formula (Abbott Nutrition, Columbus, OH): Esbilac (PetAg, Hampshire, IL) canine milk replacer, 2:1) was supplemented with enteric bacteria made from a stock created from a specimen obtained from an infant with surgical NEC (12.5 ml original stool slurry in 1 ml formula) and was orally gavage fed five times per day (50 ml per g of mouse body weight) as in Good et al. 42 The mice also received hypoxia for 10 min twice daily (5% O 2 , 95% N 2 ) in a hypoxic chamber (Billups-Rothenberg, Inc., Del Mar, CA) for a total of 4 days. We have shown that this experimental NEC protocol induces intestinal inflammation and the release of proinflammatory cytokines that closely resembles human NEC. 3, 4, 21, 42 Control (i.e., non-NEC) animals remained with their mothers and were breast fed on demand. Where indicated, formula-fed mice were enterally administered expressed murine breast milk that was obtained as in Yazji et al. 8 or EGF-deficient breast milk once per day with or without recombinant EGF (0.5 ng ml À 1 of formula) added back to that feeding only. The expression of mucosal cytokines was assessed by quantitative real-time PCR as in Good et al. 42 Immediately after killing, the terminal ileum was harvested 1 cm proximal to the ileocecal valve and fixed in 4% paraformaldehyde. The severity of disease was determined on histological sections of the terminal ileum by a pediatric pathologist who was blinded to the study conditions according to our previously published scoring system from 0 (normal) to 3 (severe). 3 Immunohistochemistry, immunofluorescence, and SDS-PAGE.
Immunohistochemistry, immunofluorescence, and confocal microscopy was performed as in Good et al. 19 except for in vitro BrdU proliferation assay that is described below. Images were assembled using Adobe Photoshop CS6 software (Adobe Systems, San Jose, CA). SDS-PAGE was performed as in Good et al. 19 and the densitometry quantified with ImageJ Software (NIH, Bethesda, MD).
In Vitro BrdU proliferation assay. To assess proliferative S-phase cells, wild-type IEC-6, EGFR-kd IEC-6, or GSK3b-kd IEC-6 cells were plated on cover slips in 12-well cell culture dishes overnight, treatment groups as indicated in Results along with BrdU labeling reagent (10 ml ml À 1 media, Invitrogen) for 6 h. To detect BrdU incorporation, cells were fixed with 4% paraformaldehyde on ice for 10 min, processed for antigen retrieval with 2 M hydrochloric acid for 30 min, blocked with 5% donkey serum in 0.5% bovine serum albumin, incubated overnight at 4 1C with rat-anti-BrdU antibodies (Novus Biosciences), and detected with cy3-labeled secondary anti-rat antibodies using a confocal microscope (Zeiss, Dublin, CA).
Assessment of NF-kB activation in enterocytes. Cultured wild-type IEC-6 cells or cells in which knockdown of EGFR or GSK3b IEC-6 cells were treated with LPS (50 mg ml À 1 , 1 h) after pretreatments of murine breast milk (25 ml per well, 1 h) or EGF (400 ng ml À 1 , 1 h). The extent of NF-kB translocation was determined as in Good et al. 19 and the average integrated pixel intensity that pertained to the corresponding NF-kB staining within the cytoplasmic and nuclear regions was determined for 4200 cells per treatment group in at least three experiments per group using MetaMorph software version 6.1 (Molecular Devices, Downingtown, PA).
Where indicated, the extent of apoptosis was quantified in vitro and in vivo as we have done previously 21 using the TUNEL assay and enumerating the number of TUNEL-positive cells as a percentage of the total number of cells present. At least 100 fields were assessed for each experimental group where indicated.
Immunodepletion of EGF from breast milk. Immunodepletion of EGF from breast milk was performed as in Good et al. 19 Briefly, 500 ml aliquots of freshly harvested murine breast milk were filtered via Amicon Ultra 10K Centrifugal Filters (Millipore, Billerica, MA) at 13,000 r.p.m. for 15 min. Filtered aliquots were then incubated at 4 1C for 30 min with control goat IgG antibody (10 ml) and protein A/Gagarose (20 ml, Santa Cruz Biotechnology), and centrifuged at 3,000 r.p.m. for 30 s. The supernatant was incubated for 1 h at 4 1C with 2 mg of anti-EGF antibody (Santa Cruz Biotechnology) followed by overnight incubation on a rotator with an additional 20 ml of protein A/ G-agarose. Supernatants were collected after centrifugation at 3,000 r.p.m. for 30 s and an EGF ELISA (Abcam) was performed as per the manufacturer's instructions using a 1:500 dilution (wild-type murine breast milk 22,907 ± 976 pg ml À 1 ; EGF-depleted murine breast milk 468.5±87.1 pg ml À 1 ).
Statistical analysis. Statistical analysis was performed using PRISM 6 (GraphPad, La Jolla, CA) software and analysis of variance, w 2 test, or two-tailed Student's t-test were used for comparisons where indicated. Data are mean ± or s.e.m. as indicated, and comparisons are by twotailed Student's t-test or analysis of variance with statistical significance at a P-value of o0.05. All experiments were repeated at least in triplicate, with more than 50-200 cells/high-power field for in vitro experiments. For in vivo experiments, at least 3 mice per group for endotoxemia and at least 10 pups per group for experimental NEC were assessed.
